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ABSTRACT 
Study of fire and explosion is very important mainly in industrial activities due to 
several accidents which have been reported in the past and present. This study 
investigates the possibility of the occurrence of fire accident occasioned by the 
vaporization of hydrocarbon components derived from bio oil sample. In this study, 
bio oil liquid sample containing mixtures of hydrocarbon products were produced by 
fast pyrolysis process using palm oil kernel shell as the main biomass source. The bio 
oil-liquid phase was analysed using Gas Chromatography Mass Spectrometry (GC-
MS) and Gas Chromatography Flame Ionization Detector (GC-FID) to examine the 
compositions of the sample Mole fractions of components in the liquid phase were 
obtained from the GC-FID analysis while the mole fractions of the components in 
gas phase were calculated via modified Raoult' s law. In this study, the gas mixture is 
considered as a real solution. The activity coefficients were calculated using 
Universal Functional Activity Coefficient (UNIFAC) method; while the fugacity 
coefficients were obtained by using Peng-Robinson method, which is implemented in 
ThermoSolver software. LFL and UFL values for mixture (LFLmix and UFLmix) were 
calculated according to Le Chatelier equation. The LFLmix and UFLmix values were 
used to construct the flannnability diagram and subsequently used to determine the 
flannnability of the mixture. In this study, the LFLmix for the mixture is calculated at 
3.89vol% and 12.4vol% for UFLmix Meanwhile, the Limiting Oxygen Concentration 
(LOC) for the mixture is 1 0.69vol%. The findings of this study can be used to 
propose suitable inherent safer methods to prevent the flammable mixture from 
occurring and to minimizing the loss of properties, business and life due to fire 
accidents in bio oil production. The findings of this study also may assist in 
minimizing fire hazards associated with presence of hydrocarbon vapours derived 
from bio oil storage system. 
IV 
ACKNOWLEDGEMENT 
Throughout the whole period of conducting the Final Year Project, many have 
provided immeasurable amount of guidance, ideas, assistance, support and advice. 
Foremost, I am indebted to my supervisor, Dr Mohanad El-Harbawi for the 
continuous support of my final year project, for his patience, motivation, enthusiasm, 
and immense knowledge. His guidance helped me in all the time of research and 
writing of this thesis. 
Also to the Final Year Project Coordinator, Dr. Lukn1an Ismail for providing all the 
necessary information required to conduct the project.! also want to thanks the 
lecturers and staffs of Chemical Engineering Department, Universiti Teknologi 
PETRONAS for their cooperation, suggestions and guidance in the compilation and 
preparation this final year project thesis. Special thanks goes to UTP research centre 
for providing me with bio oil sample and assisting in the components identification 
process. 
Deepest thanks and appreciation to my parents, family, and others for their 
cooperation, encouragement, constructive suggestion and full of support for the 
thesis completion, from the beginning till the end. Also thanks to all of my friends 
and everyone, that has been contributed by supporting my work and helps myself 
during the final year project progress till it is fully completed. 
v 
TABLE OF CONTENTS 
ABSTRACT ................................................................................................................ iv 
ACKNOWLEDGEMENT ........................................................................................... v 
LIST OF FIGURES .................................................................................................... ix 
CHAPTER I INTRODUCTION ................................................................................. I 
1.1 Background of study .......................................................................................... I 
1.2 Problem Statement ............................................................................................. 2 
1.3 Objectives ........................................................................................................... 3 
1.4 Scope of Study .................................................................................................... 3 
CHAPTER 2 LITERATURE REVIEW ...................................................................... 4 
2.1 Introduction ........................................................................................................ 4 
2.2 Hazardous Material ............................................................................................ 6 
2.2.1 Flammable Mixture ...................................................................................... 6 
2.2.2 Flammability Limits of Liquid Solutions .................................................... 8 
2.2.3 Flammability Diagram ................................................................................. 9 
2.3 Hazard Assessment.. ......................................................................................... I 0 
2.4 Flammability Characteristics ............................................................................ 12 
2.4.1 Flammability Limits .................................................................................. 16 
2.4.2 Limiting Oxygen Concentration (LOC) .................................................... 18 
2.5 Fire and explosion potential in the Bio Oil Storage Container ........................ 19 
2.6 Inherent Safety ................................................................................................. 19 
CHAPTER 3 METHODOLOGY .............................................................................. 21 
3.1 Introduction ...................................................................................................... 21 
3.2 Experimental and Theoretical Methods ............................................................ 21 
3.2.1 Bio oil production ...................................................................................... 21 
3.2.2 Composition ............................................................................................... 21 
3.2.2 LFL and UFL for Individual Components ................................................. 29 
3.2.3 Limiting Oxygen Concentration (LOC) .................................................... 30 
3.2.4 LFL and UFL for the vapor mixture .......................................................... 31 
3.3 Generating the flammability diagram ............................................................... 31 
3.4 Key Milestone & Gantt Chart .......................................................................... 32 
Tool & Equipment .................................................................................................. 33 
VI 
CHAPTER 4 RESULT & DISCUSSION .................................................................. 34 
4.1 Introduction ...................................................................................................... 34 
4.2 Composition ..................................................................................................... 34 
4.2.1 Mole Fraction in Liquid Phase ................................................................... 35 
4.2.2 Mole Fraction in Vapor Phase ................................................................... 36 
4.3 LFL and UFL. ................................................................................................... 38 
4.4 Limiting Oxygen Concentration (LOC) ........................................................... 38 
4.5 Flanunability Diagram ..................................................................................... 38 
4.6 Inherent Safety ................................................................................................. 41 
CHAPTER 5 CONCLUSION & RECOMMENDATION ........................................ 43 
5.1 Conclusion ........................................................................................................ 43 
5.2 Recommendations ............................................................................................ 44 
REFERENCES ........................................................................................................... 45 
APPENDICES ........................................................................................................... 54 
VII 
LIST OF TABLES 
Table 2-1: Summary of the major incidents in biofuels process industries (Kenneth 
Pete Moss, 2009) .......................................................................................................... 5 
Table 2-2:Classification of flammability according to DOT (Vazquez, 2005) ......... 13 
Table 2-3: Classification of flammability according to NFPA (Vazquez, 2005) ...... 13 
Table 2-4:Comparison between standardised methods for the determination of the 
auto-ignition temperature (Norman, 2008) ................................................................ 15 
Table 4-5: Compound names and their relevant properties to estimate the 
flammability properties .............................................................................................. 40 
Table 7-1: UNIFAC group specifications .................................................................. 57 
Vlll 
LIST OF FIGURES 
Figure 2-1: Flammability range for fuel-air mixtures at I atm. and 25°C ................... 7 
Figure 2-2:0SHA/NFPA classes of flammable and combustible liquids (Meyer, 
2005) .......................................................................................................................... 14 
Figure 3-1: Flowcharts describe the methodology steps ............................................ 23 
Figure 3-2: Ganchartt ofFYP II ................................................................................. 32 
Figure 4-1: Mole fraction in liquid phase vs components in bio oil sample .............. 35 
Figure 4-2: Mole fraction in vapor phase vs components ofbio oil sample .............. 37 
Figure 4-3: ThermoSolver software interface ............................................................ 3 7 




1.1 Background of study 
In the developed and modern society, energy sources play a significant role in 
human's life. People rely on the energy resources for homes, business and 
transportations. The global demand for energy supply is keeping increasing. 
According to Sharma and Singh (2008), the World Energy Forum has predicted that 
fossil-based oil, coal and gas reserves will be exhausted in less than another I 0 
decades. Therefore, recent development in bio oil production as a renewable energy 
source seems to be an ideal solution for global energy demands. 
Bio oil is mainly derived from biological carbon fixation or from biomass 
conversion. In general, bio oil is considered to be much safer than other petroleum 
fuels, due to their high flash point. Bio oil is much less flammable than other 
petroleum fuels. However, that does not mean all bio oil materials are not flammable 
materials. Some components of bio oil are similar to hydrocarbon components; 
therefore it can vaporize and turn into vapor mixture form at the ambient temperature 
and atmospheric pressure. If this mixture is exposed to heat or ignition source or if 
the concentration of the mixture is within the flammability range then, this may 
cause fire. 
The presence of hydrocarbon components in bio oil mixtures exposes bio oil storage 
system to the possibility of fire and explosion events. Fire triangle indicates that the 
three elements necessary to ignite ordinary burning and fires arc; fuel, oxygen and 
heat. Hydrocarbons fall into the fuel category. Fire might result in explosion, 
provided that certain parameters, i.e. the Lower Flammability Limit (LFL) and Upper 
Flammability Limit (UFL) of the hydrocarbon are met. It is necessary to understand 
the properties of flammable materials. when we deal or handle dangerous substances. 
Fires and explosions in bio oil storage system can be prevented by understanding the 
flammable limits of gases. Therefore, flan1mability limits and related information are 
crucial in the industrial processes where serious hazards may be encountered within 
the flammability limits. There are innumerable situations where gases, liquids, and 
hazardous chemicals are produced, stored, or used in a process that, if released, could 
potentially result in hazardous fire and/or explosive incident. It is therefore 
imperative to analyse all materials and reactions associated with a particular process, 
including production, manufacturing, storage, or treatment facilities in order to 
minimize the chances of an undesirable situation. Each process needs to be analysed 
with respect to the potential for the occurrence of fire and explosion in the work 
place. Flammable gas characterization can be useful to evaluate the hazards of the 
gases/vapour during handling, storing, and transporting. Furthermore, it can help in 
determining corrective actions to prevent accidents. 
In general, an inherent safer design is an approach to address safety issues in the 
design and operation of chemical plants (Dennis, 2006). The design will identify 
ways to eliminate or significantly reduce hazard. Bio oil storage system and 
production process should therefore be design as a friendly user and this is applied to 
all chemical and hydrocarbon industry, where hazardous materials are handled. In the 
past there have been many bio oil fire and explosion accidents. Probably the most 
serious disaster is the explosion occurred at biodiesd plant in Ohio in 2009, which 
injured thirteen people and heavily damaged a processing plant. 
1.2 Problem Statement 
As bio oil possesses more advantages compared to the fossil fuels, vanous raw 
materials have been utilized for biodiesels production in a large scale. Therefore, 
safety concern has arisen due to the availability of flammable components in the bio 
oil. There is high potential of fires and explosion occurs in the storage system of bio 
oil due to the availability of flammable components. Those flammable components 
such as Phenol, Cyclohexanol and Acetic Acid can vaporize and turn into vapour 
mixture form at the ambient temperature and atmospheric pressure. If this mixture is 
exposed to heat or ignition source or if the concentration of the mixture is within the 
flammability range then, this may cause a fire. This project is aiming to investigate 
the flammability of bio oil products and propose a systematic approach on inherent 
safer design in the bio oil storage system. 
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1.3 Objectives 
The objectives of this project are: 
• To estimate the flammability limits ofbio oil vapor 
• To investigate the possibility for the occurrence of fire incidents due to the 
vaporization of bio oil components 
• To identify and recommend suitable inherently safety methods to prevent fire 
and explosion incidents from occurring 
1.4 Scope of Study 
Existence of flammable components m bio oil can be dangerous and generate 
flammable mixtures, which may cause fire and lead to property damage and life 
threat. The flammability limits are widely used index for representing flammability 
of gases and vapours. The study focuses on real solution of bio oil. The mole 
fractions of the components in the gas phase will be calculated according to modified 
Raoult's law. Then, LFLmix, and UFLmix will be used to predict the zone of a bio oil 
vapour mixture. Furthermore, this study will examine if the bio oil vapour mixture 
occupied in the storage container is flammable or not by using flammability diagram 
method. Finally the results from this work will be used to propose suitable inherent 
safety methods to prevent the flammable mixture from occurring in storage system. 
Furthermore, it can contribute to minimizing the loss of properties, business and life 





For the past few decades, the global industrial revolution has led to a steep rise for 
the demand of petroleum-based fuels (Nigam & Anoop, 2011). Currently, fossil fuel 
takes up almost 80% of the primary global energy consumption. The sources of these 
fossil fuels are becoming exhausted and also lead to many negative impacts 
including climate change, receding of glaciers, rise in sea levels and Joss of 
biodiversity. In addition, for the past few years, the crude oil price is reported to be 
increased exponentially. Therefore, recent development in bio oil production as a 
renewable energy source seems to be an ideal solution for global energy demands. 
According to Kumar (20 II), global production of bio oil increased I 7% in 20 I 0 to 
reach an all-time high of 105 billion liters, up from 90 billion liters in 2001. In 
general, bio oil is considered as a safer fuel compared to petroleum fuels due to high 
flash point. It means that bio oil will not easily ignite or produce fire at low 
temperature. In other word, bio oil is considered much less flammable than 
petroleum fuels. However, due to the presence of hydrocarbon components in the bio 
oil, it turns out to be flammable materials. At ambient temperature and atmospheric 
pressure, bio oil with the presence of hydrocarbon components could vaporize and 
forming vapor mixture. If this mixture is exposed to heat or ignition source or if the 
concentration of the mixture is within the flammability range then, this may cause a 
fire. 
There are innumerable situations where gases, liquids, and hazardous chemicals arc 
produced, stored, or used in a process which are having high risk and if released, 
could potentially result in a hazardous fire and explosive incident. Thus, it is 
important to analyse all materials and reactions associated with a particular process 
in bio oil production, including process reaction, manufacturing, storage, or 
treatment facilities in order to minimize the opportunity for an undesirable situation. 
Each process needs to be analysed with respect to the potential for the occurrence of 
fire and explosion in the work place. Typically, system accidents occur because of 
unanticipated interactions among multiple failures. One component's failure triggers 
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failures in other components or subsystems. Due to the high complexity and level of 
interaction among subsystems, designers and operators are unable to predict failures 
or their mutual interactions. Table 2.1 shows a summary of the major incidents in the 
bio oil process industries related to fire cases only. 
Table 2-1: Summary of the major incidents in biofuels process industries (Kenneth 
Pete Moss, 2009) 
Year Location Chemical Death/Injury 
-
American Biofuels, 2006 Bakersfield, Calif Methanol 2 
2006 Sun Break Biofuels, Ethanol I Canby 
2006 Blue Sky Biodiesel, Biodiesel I Idaho 
2007 Agri Biofuels Methanol I Dayton, Texas 
2007 Better Biodiesel Methanol II 
f----- Spanish Fork, Utab 
2007 Farmers & Truckers Methanol 3 Biodiesel 
---------
2008 American Ag Fuels Glycerin 13 Defiance, Ohio 
Biofuels of 
2008 Tennessee Acetone I 
Decaturville 
2009 Columbus Foods 
Sulphuric 2 
Company Chicago acid/glycerin 
2009 New Eden Energy St Multiple chemicals I Cloud 
Biofuels of 
2008 Tennessee Acetone 2 
Decaturville 
The understanding of the flammable material properties is necessary especially when 
we deal or handle dangerous substances. Fires and explosions in industries can be 
prevented by understanding the flammable limits of gases. Thus, knowing 
flammability limits and related information are crucial in the process industries 
where serious hazards may be encountered within the flammability limits. 
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2.2 Hazardous Material 
Basically there are three categories of hazardous materials in process industries; 
flammable, toxic and reactive materials. The flammable materials are those that can 
be ignited to give a number of possible hazardous effects, depending on the actual 
materials and conditions. Major hazards result in thermal radiation of combustion 
and overpressure. Other hazards could be suffocation caused by the smoke of 
combustion. The release of toxic materials can give rise to dispersing clouds in 
atmosphere, which cloud harm man and animals through inhalation or absorption 
through skin. The materials are classified into water-reactive materials, air reactive 
materials, oxidizers, unstable materials and incompatible materials (Mustapha and 
Me Donnell, 2001). 
There are many organizations that have developed classifications related to 
flammable chemicals, including Department of Transportation (DOT), National Fire 
Protection Association (NFPA), Occupational Safety and Health Administration 
(OSHA), and Environmental Protection Agency (EPA). Some organizations establish 
their classifications with qualitative descriptions but most classifications are based on 
physical/chemical properties such as flash point and boiling point (Vazquez, 2005). 
Both NFI' A and DOT dctined combustible liquids as having a flash point of I 00°F 
(38°C) or higher. On the other hand, OSHA defined combustible liquids as any liquid 
with a flash point at or above I 00°F (38°C) but below 200"F (39.3°C) (Lee, 2005). 
NFP A have adopted the flash point as a criterion in enforcing the safe handling, 
storing, and transporting of flammable compounds (Fujii and Hermann, 1982). 
2.2.1 Flammable Mixture 
A mixture of fuel-air will only burn if the fuel concentration is between the UFL and 





• UJ! concentranon 
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vol % fuel in fuel-air 
Figure 2-1: Flammability range for fuel-air mixtures at I atm. and 25°C. 
The flammability in air is the most important safety characteristic of gases and gas 
mixtures (Volkmar and Maria, 2005). The flammability characteristics of chemical 
substances are important to prevent accidental explosions during industrial processes 
and handling flammable gasses. The gas mixture is classified as flammable if it is in 
between the explosion range. Thus, the explosion limits have to be measured as it is 
interchangeable with the term flammability limit. The flammable mixture may form 
either by accident or design. The combustible concentration can be reduced by 
adding enough air or inert gas to produce non flammable mixtures when they are 
formed by accident. However, there are certain conditions to increase the 
combustible concentrations to produce a non flammable mixture. Flammable 
mixtures may encounter in production of many chemicals and physical operations. 
Thus, special precautions must be taken to assure no rapid formation of flammable 
mixture in the industry (Zabctakis, 1965). Flammable mixtures are composed of two 
or more flammable compounds. There will be different behaviours can be expected 
from the mixtures but it is depending whether the mixture is ideal or non-ideal 
(Vazquez, 2005). 
Lc Chatelier, (1891) proposed empirical models to calculate the LFL and UFL of 
multiple fuel mixtures. This method is still widely used today. Hustad and Senju, 
(1988) found a good agreement between their experiments and Le Chatelier's law for 
LFL at elevated temperature and pressure for fuel mixtures. Flammability limits for a 
mixture can be also estimated using the Calculated Adiabatic Flame Temperature 
(CAFT) methods (Hansel et al., 1991; Melhem, 1997; Crowl, 2003). Zhao (2008) has 
developed CFT-V (Calculated Flame Temperature at constant Volume) modelling to 
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estimate the LFLs of binary hydrocarbon mixtures. CAFT modelling is based on a 
comprehensive energy conservation analysis. The energy loss is related to the fuel 
combustion chamber setup. Zhao (2008) also described that CFT-V modelling is 
sensitive to the experimental configuration because it is the application of heat 
balance. Thus, by keeping all data sources which are consistent with CFT-V 
modelling will give higher accuracy. 
There were several experimental work have been conducted to measure the 
flanunability of gas mixtures. For example, Bolk et al., (1996) constructed a large 
pilot plant to study the UFL of ethene-air-nitrogen mixtures under conditions of flow. 
Experiments were performed at pressures of 5 and 10 bar, with gas temperatures 
between 25 and 300°C. Liekhus et al., (2000) conducted some experiments to predict 
the flammability of gas mixtures containing hydrogen and flanunable or non-
flammable volatile organic compounds (VOCs) in air. Kondo et al., (2007) have 
experimentally measured the flanunability limits of isobutane and five kinds of 
binary mixtures of isobutene using ASHRAE method. 
2.2.2 Flammability Limits of Liquid Solutions 
The liquid hydrocarbon will vaporize some components at ambient temperature or if 
it is exposed to some heat. Consequently, it is necessary to estimate the vapour 
compositions, which contribute to the flanunable mixture. Liquid mixtures can be 
divided into two categories: ideal solutions and non-ideal solutions; 
• Ideal Solution 
An ideal solution can be defined as a solution with thermodynamic properties similar 
to those of a mixture of ideal gases. In an ideal solution, both interactions between 
both chemicals are equal. These mixtures follow Raoult's law behaviour. The 
activity coefficient for an ideal solution is I. These solutions result from mixing two 
similar materials and no differential energies of interaction are encountered between 
the components. However, most solutions are not ideal. 
• Real Solution 
It should be noted that Raoult's Law only works for ideal mixtures. 
Thermodynamically, the relation between an ideal vapour and a non-ideal liquid is 
represented by the equilibrium condition. A combination of Raoult's and Dalton's 
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laws can be used to estimate the amount of vapour mixture formed about any 
hydrocarbon solution. 
Non-ideal solutions have an activity coefficient value smaller or greater than I. Real 
mixture is also known as non-ideal mixture. The mixture is positive deviations from 
Routt's law if more molecules than ideal mixtures will escapes to the vapour phase 
and raises the vapour pressure. Thus, a higher vapour pressure will results in a lower 
flash point value to reach LFL if both chemicals are flammable. However, the 
mixture is negative deviations from Roults law if the mixture vapour pressure is 
lower than the vapour pressure of the individual component. Therefore, mixture flash 
point values are expected to be higher than the pure component flash points 
(Vazquez, 2005). 
2.2.3 Flammability Diagram 
Application of flammability diagram is the safest method to prevent fires and 
explosions of flammable mixtures in the first place (Mashuga and Crowl, 1998). The 
most useful tool to display the flammability region, and to determine if a flammable 
mixture is present during plant operations is a triangular flammability diagram 
(Mashuga and Crowl, 2004) Each apex of triangle represent I 00% fuel, oxygen or 
nitrogen. Concentrations of fuel, oxygen, and inert material (in volume or mole %) 
are required to plot the flammability diagram. All possible combinations of fuel plus 
air will represent as air line. Meanwhile, the stoichiometric line represents all 
stoichiometric combinations of fuel plus oxygen. In the diagram, the UFL and LFL 
are shown as the intersection of the flammability zone boundary with the air line. 
Any gas mixture containing oxygen below the LOC is not flammable. Flammability 
diagram is dependable with fuel type, temperature, pressure and inert species (Crowl 
and Louvar, 2002). The flammability zone is a region on a flammability diagram in 
which all mixtures are flammable. Those mixtures outside of the region are 
considered non flammable. There are several ways to construct a flammability zone 
with limited literature data. These data include UFL, LFL, and LOC, and the 
flammability limits in pure (Mashuga and Crowl, 1998). Flammability diagram was 
used by number of researchers. This is including work of Zabetakis, (1965), who 
used flammability diagram to study the flammability of various mixtures at different 
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pressures and temperatures. Mashuga and Crowl, ( 1998) used flammability apparatus 
to acquire the data necessary to define the complete flammability zone in a triangular 
flammability. Shu and Wen, (2002) used 20-litter spherical explosion vessel to study 
the safety-related properties of o-xylene (flammability limits, minimum oxygen 
concentration, maximum explosion overpressure, and flammability zone). Ohtani, 
(2004) examined the flammability of perfluorocarbon/fluorine/nitrogen mixtures 
using explosion vessel. 
The results of the flammability were revealed quantitatively as triangular 
flammability diagrams. Chang et al., (2007) used 20-litter spherical explosion vessel 
to investigate the flammability characteristics of the 3-picoline/water mixtures. The 
results presented the possible mixture ratios in a triangular flammability diagram. 
Brooks and Crowl, (2007) conducted experiment to study the flammability of 
vapours above aqueous solutions of ethanol and acetonitrile using a 20-L combustion 
apparatus. The results were presented in flammability diagram using Lab VIEW 
program. More recently, Mao et al., (2011) utilized the standard flammability 
diagram to study backdraught in tunnel fires. The flammability envelope plotted for 
the mass fraction of the volatilized unbumt fuel (n-heptane ), oxygen, and nitrogen. 
2.3 Hazard Assessment 
Hazard assessment can be defined as thorough, orderly, and systematic approach for 
identifying, evaluating, and controlling hazards of processes involving chemicals. 
Absolutely safety can never be achieved but risk can be reduced to an acceptable 
level (Vazquez, 2005). The major hazards with which the chemical industry is 
concerned are fire, explosion and toxic release. Of these three, fire is most common 
but explosion is more significant in terms of its damage potential, often leading to 
serious danger to human health and/or to the environment. 
The first step in conducting process flammability hazard analysis has to involve 
characterizing the crucial flammability properties of chemicals that might potentially 
incur a fire/explosion in a plant. Further consideration must be given to the reciprocal 
influence of the important working conditions such as the operating temperature, 
pressure, or loading fuel/oxygen concentration. It is imperative to recognize the 
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degree of danger of the used substances' explosion limits and pressure under their 
surrounding scenarios, and then to conduct data interpretation to determine the safe 
operating envelope for the process, even for a large-scale one (Zabetakis, 1965; 
Lautenberger et a!., 2006).Prediction of explosion/flammability limits is of great 
practical significance to safety decision making. The fire triangle indicates that the 
three elements; fuel, oxygen and heat, are necessary to enable ignition and sustain 
ordinary burning and fires. 
Flammable and combustible liquids are liquids that can burn at certain conditions. 
They are classified, or grouped, as either flammable or combustible by their flash 
point temperatures. OSHA classified liquids into two type; flammable and 
combustible liquids. A flammable liquid is any liquid having a flash point below 
I 00°F (37.8°C). Flammable liquids are categorized into three groups, which are: 
• Class !A Flammable Liquid 
Any liquid having a flash point below 73°F (22.8°C) and having boiling point 
below 100°F (37.8°C). 
• Class IB Flammable Liquid 
Any liquid having a flash point below 73°F (22.8C) and having boiling point at or 
above 100°F (37.8°C). 
• Class IC Flammable Liquid 
Any liquid having a flash point at or above 73°F (22.8C) and below 100°F 
(37.8°C). 
On the other hand, a combustible liquid is any liquid having a flash point at or above 
100°F (37.8°C). Combustible liquids are divided into two classes: 
• Class II Combustible Liquid 
Any liquid having a flash point at or above 100°F (37.8°C) and below 140°F 
(60°C). 
• Class III Combustible Liquid 
Any liquid having a flash point at or above 140°F (60°C). Class Ill liquids are 
subdivided into two subclasses: 
• Class IliA Combustible Liquid 
Any liquid having a flash point at or above 140°F ( 60°C) and below 200°F. 
II 
• Class IIIB Combustible Liquid 
Any liquid having a flash point at or above 200°F (93.3°C). 
2.4 Flammability Characteristics 
There is not a single parameter that defines flammability. but some of the relevant 
properties are: flash point (FP), lower flammable limit (LFL), upper flammable limit 
(UFL), and auto ignition temperature (AIT). LFL and UFL is the lowest and highest 
concentrations (percentage) of a vapour in air capable of producing a flash of fire in 
presence of an ignition source. The AIT is the minimum temperature required to 
cause self-sustained combustion (NFPA, 1994). The flash point is the lowest 
temperature at which it can vaporize to form an ignitable mixture in air. The flash 
point criterion is used by regulatory authorities to rate the flammability hazards of 









Table 2-2:Classification of flammability according to DOT (Vazquez, 2005) 
Flammability Definition Classification 
Flammable liquid is any liquid with T r < I 41 "F (60.5 "C) Class 3 flammable liquids are defined as liquids having aT r of not more 
Combustible liquid is any liquid with I 41 °F (60.5 °C) < T r < than 14 I "F (60.5 °C} or any material in a liquid phase with a Trat or above 
200 "F (93.3 °C). 100 Of (37.8 °C) 
Table 2-3: Classification of flammability according to NFPA (Vazquez, 2005) 
Flammability Definition I Classification 
A liquid is classified as 
flammable if it has a Tr 
of I OOOF or lower, when 





Tr< 73 °F (22.8 °C): Tb < 100 °F (37.8 °C) 
Tr< 73 °F (22.8 "C): Tb ~ 100 Of (37.8 °C) 
100 "F (37.8 "C)> Tr~ 73 op (22.8 °C) 
Hazard Description 
Flammable 
Materials will rapidly vaporize at atmospheric 
pressure and normal temperatures, or are readily 
dispersed in air and which bum readily. 
Flammable 
Liquids and solids can ignite under almost all 
temperature conditions. 
140 Of (60 "C)> Tr~ 100 °f (37.8 °C) Combustible 
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Materials 
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ASTM 02883-95. Standard Test Method for Reaction Threshold Temperature of Liquid and Solid Materials. American Society for Testing 
and Materials. 
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2.4.1 Flammability Limits 
A combustible gas-air mixture can be burned over a wide range of concentrations-
when either subjected to temperatures or ignition source (Zabetakis, 1965). Most 
hydrocarbons are extremely volatile under relatively normal operation conditions. A 
detailed knowledge of the flammability is needed to prevent workplace explosions of 
such flarnmable vapours (Zhao, 2008). Flammable limit values are often provided 
with material safety datasheets. According to ASTM (American Society for Testing 
and Materials). flammability limit can be defined as the maximum or minimum 
concentration of a combustible substance that is capable of propagating flame in a 
homogenous mixture of the combustible and a gaseous oxidizer under specified 
conditions of test (Rowley, 20 I 0). Flammability limits are divided into two types: the 
upper flammable limit (UFL) and the lower flammability limit (LFL). 
UFL can be defined as maximum fuel concentration to burn which is deficient in 
oxygen. Meanwhile, LFL is minimum fuel concentration where is too lean or 
sufficient in oxygen to be ignited (Zhao, 2008). A mixture is flammable when the 
composition is between the LFL and UFL and vapour air mixture will only ignite and 
burn in the specific range of composition. 
LFL and UFL data for pure hydrocarbons are available in different literatures. 
However, hydrocarbon mixtures with different components and different mole 
fraction are often presented in the industry as having significant contributions to fire 
and explosion accidents. Vapour-air mixtures ignite and bum only over a well-
specified range of compositions. The mixture will not burn when the composition is 
lower than the lower LFL; that is the mixture is too lean for combustion. The mixture 
is also not combustible when the composition is too rich; that is, when it is above the 
UFL. A mixture is flammable only when the composition is between the LFL and the 
UFL (Crowl and Louvar, 2002). 
• Flammability Limits Estimation 
Flammability experimental work began in 1816, when Sir Humphrey Davy examined 
the flammability limits of methane by igniting methane-air mixtures in a narrow 
necked bottle out of concern for mine safety (Wong, 2006). Large flammability data 
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for pure gases and for some gas mixtures can be found in Bureau of Mines Bulletin 
publications (Coward and Jones eta!., 1952; Zabetakis eta!., 1965; and Kuchta eta!., 
1985). Perhaps currently the best available flammability database is the one 
published by American Institute of Chemical Engineers (DIPPR project 80 I) 
(DIPPR, 20 I 0). 
The Bureau of Mines measured the flammability limits using a narrow tube, 2 em to 
7.5 em in diameter and at least I m high is used to perform the test. If the fuel-
oxidizer support flame propagation along the tube, the mixture was consider 
flammable. The method is described in details by Coward and Jones et a!., (1952). 
Another method is ASHRAE (American Society of Heating, Refrigerating and Air-
Conditioning Engineers). The method was developed specifically to accommodate 
halogenated compounds that may be difficult to ignite in smaller vessels and a 
spherical 12-L flask is used in the experimental work. ASTM also developed 
numerous, widely used standards dealing chemical hazard properties. For example, a 
standard test method E 681 to estimate the limits of flammability of Chemicals 
(vapours and gases) at atmospheric pressure and temperatures up to 150°C (ASTM 
E681-09). The other standard by ASTM to determine flammability limits of 
chemicals at elevated temperature and pressure is the test method E 918-83 (ASTM 
E918-83). Europe has also developed a standard test method (EN 1839) to determine 
the explosion limits of gases, completely evaporated liquids (vapours) and their 
mixtures mixed with air. 
There are several individual authors, who have done experimental works using 20-L 
explosion apparatus to estimate the flammability characteristics. For example, Shu 
and Wen, (2002) conducted experiments to investigate the safety flammability limits, 
minimum oxygen concentration, maximum explosion overpressure, and flammability 
zone of o-xylene. These properties were determined with a 20-L-explosion apparatus 
at operation temperature of 150°C and initial pressures of 760, 1520 mmHg, and 
2280 mmHg. Chang et a!., (2007) used 20-L explosion vessel to study the 
flammability characteristics of the 3-picoline/water mixtures. Brooks and Crowl, 
(2007) utilized a 20-L combustion explosion apparatus to study the flammability of 
vapours above aqueous solutions of ethanol and acetonitrile. In general, there are 
many differences between all these methods. 
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2.4.2 Limiting Oxygen Concentration (LOC) 
Limiting oxygen concentration (LOC) is the minimum oxygen concentration 
required to propagate a flame (Crowl and Louvar, 2002). Fire and explosion can be 
prevented by reducing the concentration of oxygen. Vapour mixture cannot generate 
the reaction enough energy if below LOC. LOC can be measured using flammability 
apparatus (Coward and Jones, 1952; Zabetakis et a!., 1965; Kuchta, 1985). ASTM 
also developed a standard test method E2079 to estimate the LOC of mixtures of 
oxygen and inert gases with flammable gases and vapours at a specified initial 
pressure and initial temperature ( ASTM E2079-07). 
However, in absence of experimental work, LOC value is estimated usmg 
stoichiometry of the combustion reaction of hydrocarbon (Crowl and Louvar, 2002). 
LOC work can be found in different literature. Domnina et a!., (2003) also has 
described a new algorithm to estimate the LOC by using the values of lower 
explosion limit (LEL) of the fuel mixture and the calculated adiabatic flame 
temperature (CAFT). Isaac and Gregory (2009) presents data on the limiting 
(minimum) oxygen concentration (LOC), in the presence of added N2, of methane 
(CI-4), propane (C3Hs), ethylene (CzH4), carbon monoxide (CO), and hydrogen (Hz), 
and some of their binary mixtures. If experimental and literature data are not 
available, the LOC is estimated by using the stoichiometry from the combustion 
reaction and the LFL. This procedure works quite well for many different 
hydrocarbons (Siwek, 1996; Crowl and Louvar, 2002). 
LOC can be estimated using the stoichiometry of the combustion reaction and the 
LFL. Eq. (2-6) can be used to estimate LOC (Crowl and Louvar, 2002): 
LOC =(moles of foelxmoles of 0 2 ) = LFL(moles of 0 2 ) = z(LFL) (2_6) 
total moles moles foe/ moles foe! 
LOC for a mixture can be also estimated using a method of Zlochower and Green, 
2009). 
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2.5 Fire and explosion potential in the Bio Oil Storage Container 
It should be noted that all hydrocarbon compounds are combustible. However, only 
the lightest are capable of mixing with air and generate fire or explosion. Doyle, 
(2001) stated that for liquid hydrocarbon, only gasoline fraction (C5-C 10) is capable 
of volatilizing in air at normal temperature. Bio oil consists of various hydrocarbon 
components. At ambient temperature, hydrocarbon components in bio oil could 
vaporize and lead to fire and explosions. The presence of hydrocarbon components 
turns bio oil into flammable material. In addition, according to Yu Tian et.al bio oil 
is a good potential source of light aromatics such as benzene, toluene and xylene. 
The aromatics components are flammable components too. The greatest hazard 
associated with flammable materials is the creation of a flammable atmosphere by 
high concentrations of flammable vapours. The potential of a flammable atmosphere 
increases as the environment temperature increases in areas where flammables are 
stored or are in use. As the temperature inside the bio oil container rises, the 
production of vapours at the surface of the bio oil is enhanced, thus increasing the 
vapour concentration .Each flammable substance has a corresponding flammable 
range at which concentrations a fire may result if an ignition source is at hand. The 
flammability range consists of an upper and lower concentration boundary that 
indicates where the danger lies between the two limits. Therefore, it is important to 
identifY the flammability limits of vapour mixtures of the bio oil in avoiding fire and 
explosions. 
2.6 Inherent Safety 
The concept of reducing rather than controlling hazards comes from K1etz, (1978). 
Now, this concept is widely applied in pursuing the reduction of the hazards in 
industrial processes. Inherent safety is a design approach useful to remove or reduce 
hazards at the source instead of controlling them with add-on protective barriers 
(Vazquez, 2005). Inherent safety, also called primary prevention, consists in the 
elimination of a hazard (Hansson, 20 I 0). It is not a specific technology or set of tools 
and activities at this point in its development (Dennis and Scott, 2006). Inherent safer 
design is a design that eliminates or reduces hazards. Inherently safer design 
concepts are highly recognized and recommended by safety professionals as a first 
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choice in process design practices for risk reduction. CCPS, ( 1996) published a well-
known book for inherent safety. Inherent safer design concepts can be easily applied 
to reduce number of accidents in industry, particularly in the design phase of a new 
or modified process, and may have very powerful benefits at relatively low cost. In 
industry, there is no chemical process that is without risk, but all chemical process 
can be made safer (Bollinger et a!., 1996). 
Inherent safer design will enhance overall risk management by reducing the 
frequency of potential accident especially causes by fire and explosion. Approaches 
to inherent safer design have been grouped into four categories (Kletz, 1998): 
• Minimize the amount of hazardous material present at any given time. 
• Substitute hazardous materials by least hazardous materials. 
• Moderate the operating the operating conditions of pressure, temperature and 
concentrations. 
• SimplifY the plant smce simple process plants are easier to operate and 
maintain, with fewer chances of things going wrong. 
A good practise of inherent safety is, instead of keeping large quantities of hazardous 
materials under control, we have to try and remove them. Therefore, all portions of 
process areas where flammable liquid vapours are normally present due to open 
containers, dispensing these materials should be provided with ventilation as a basic 






The methodology of this work will be developing a systematic method to examine if 
the vapour mixture occupied from the bio oil is flammable or not. This vapour 
mixture is formed by vaporization of several components contain in the produced bio 
oil. Figure 3.1 shows the methodology of this work incorporates experimental and 
theoretical assessments. 
3.2 Experimental and Theoretical Methods 
3.2.1 Bio oil production 
A few techniques of thermo-chemical processes have been used to convert the 
biomass into various energy products including combustion, gasification, 
liquefaction and pyrolysis (Goyal et.al, 2008). In the present energy scenario, 
pyrolysis has received special attention for bio oil production. In this study, Palm 
Kernell Shell will be utilized for bio-oil production by fast pyrolysis process (Ali & 
Uemura, 20 II). Palm kernel shell is selected for the bio oil production due to its 
availability in Malaysia. Palm Oil production can be classified as a main industry in 
Malaysia. Pyrolysis process is a new developed themal decomposition process of 
biomass into liquid oil. The process will be carried out in a fluidized bed fast 
pyrolysis unit under nitrogen gas flowrate of 1.35 m3/h, with reactor temperature 
ranges from 400°C - 600°C. Fast pyrolysis involves rapid heating of biomass and 
short vapor residence time. Heating rate is around 300 "C/min and the vapor 
residence time is below than 2 seconds. Generally, fast pyrolysis is applied to obtain 
high-grade of bio-oil. 
3.2.2 Composition 
The liquid sample was obtained from the bio oil produced from Palm kernel shell by 
fast pyrolisis process (Ali & Uemura, 2011). Then, composition of the organic-phase 
liquid was analysed using Shimadzu Gas Chromatography (GC). The bio oil sample 
is injected into Gas Chromatography-Mass Spectrometry (GC-MS). GC-MS analysis 
21 
of the bio-oil was performed with Agilent Technology 7890A.BPX5 column and MS 
detector, using 30x250x0.25 mm capillary column. The starting temperature of the 
oven was 35°C. It was held for 2 min before the temperature was increased to 250 oc 
at the rate of 20 oc /min and held at its temperature for 20 min. GC-MS was used to 
identify the compounds in the evaporated fraction of the liquid. GC-MS identifies 
different compounds at different times (retention times) depending on their chemical 
structures. The results from the GC-MS show peak areas and retention times. Then, 
the bio oil sample is also being injected to Gas Chromatography Flame Ionization 
Detector (GCFID) in order to get more accurate peak areas. The same GC setting and 
column are applied for GCFID machine. The components are assigned by comparing 




Identify the sample 
using GC 
Is the mixture is 
flammable? 
No 
Estimate the activity and fugacity 
using UNIF AC method 
Yes 
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Estimate x; and y; Estimate x; and y; 
Estimate LFL;, UFL; and LOC; 
Estimate LFLmm UFLmixand LOCmiX 
Draw the flammability diagram 
Figure 3-1: Flowchart describes the methodology steps 
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• Mole Fraction in Liquid Phase 
The mole fraction of each component in the bio oil sample can be calculated from 
GC data. The mole fraction in the liquid phase can be found from the calculation 
below. GC-MS only give the name of components that are present in the bio oil 
sample and ignore peaks with small areas. Therefore, in order to obtain the exact 
peak area of identified components, the bio oil sample is injected into GC-FID. 
Unlike GC-MS, GC-FID indentifies all peaks of components in the sample. The 
retention times for each identified components is being compared. A detected 
component should give similar retention time for both equipments. Then, the peak 
areas from GC-FID result were taken into mol fraction calculation. 
Firstly, the ratio of peak area of individual components to the total peak areas is 





x, is the mass fraction of component i, 
A, is the peak area of component i, and 
Ar is the peak area of all components 
(3-1) 
Then, the mole fraction in liquid phase is obtained by applying the below formula: 
(3-2) 
M, is the molecular weight of component i 
1/Ji is the mole fraction in liquid phase of component i 
• Mole Fraction in Vapour Phase 
The liquid bio oil will vaporize some hydrocarbon components at ambient 
temperature or if it is exposed to some heat. Consequently, it is necessary to estimate 
the concentrations of components in the vapour phase, which contribute to the 
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flammable mixture. It should be noted that liquid solutions can be divided into two 
categories: ideal solutions and non-ideal solutions. Therefore, the liquid solution 
should be identified first if it's ideal or non-ideal solution. 
• Ideal Solution 
In an ideal solution, both interactions between both chemicals are equal. These 
mixtures follow Raoult's law, in which the equilibrium condition between the vapour 
and liquid phase is represented by Eq. (3-3): 
P sat p X, I =yi f (3-3) 
where, 
P,'a' is the vapour pressure of compound i as a pure component, 
y, is the mole fraction of component i in the vapour phase, 
x, is the mole fraction of component i in liquid phase and 
P, is the total pressure. 
• Non-ideal Solution 
Raoult's Law can be only used for ideal solutions. However, Raoult's Law can be 
extended or modified to be suitable for non-ideal solution by incorporating two 
factors, which are; the fugacity coefficient ( rp, ) and the activity coefficient ( r, ). 
Eq. (3-4) (modified/extended Raoult's law) can be used to estimate the amount of 
liquid vaporized to the atmosphere at ambient temperature: 
(3-4) 
where, 
r, is the activity coefficient for component i, 
x, is the mole fraction of component i in liquid phase, 
P,'"' is the vapour pressure of compound i as a pure component, 
rp, is the fugacity coefficient for component i, and 
y, is the mole fraction of component i in the vapour phase. 
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The activity coefficient, r, for an ideal solution is equal to I. However, in this 
study, the mixture is considered non-ideal. Therefore, the activity coefficient can be 
calculated using established methods. The Universal Functional Activity Coefficient 
(UNIF AC) method can be used to estimate the activity for real mixture. 
The UNIF AC method expresses the activity coefficient as the sum of a combinatorial 
part, In r,' and a residual part, In y,R (Eq. 3-5) (Fredenslund eta!., 1975): 
lny, =In{ + lny:' 
The configurational, ln y:· is given by Eq. (3-6): 
In c In <D, z In e, t <D, f 1 r, = -+-q, · -+ '+-L..xJ 1 




Where, z is the average number of nearest neighbours around a group in solution 
(constant value is used which is z =I 0). 
The segment fraction, <P, and surface area fraction, 0, are defined respectively by 




In Eq. (3-8), the molecular volume, r1 , is defined by the sum of its constituent group 
given by Eq. (3-1 0): 
N 
r1 = 'Lv£-R* 
k=l 
where, 
v{ is the number of k groups in molecule j , and 
R, is the volume of group k . 
(3-1 0) 
The molecular surface area, q1 , is found by summing the individual group areas in the 
molecules as given by Eq. (3-11): 
N 
q, = Lv{Q, (3-11) 
k=l 
where, Qk is the group surface area. 
The residual part In y,R can be calculated by solution-of-group concept Eq. (3-12): 
N 
lny:' = 'L.v;[Inr, -lnr;] (3-12) 
k=l 
Where 1~ is the group residual activity coefficient of group k in a reference 
solution containing only molecules of type i. Meanwhile, 1, is the group residual 
activity coefficient and can be calculated using Eq. (3 .13 ): 
em ·'If km 
N I en.'lfnm 
n=l 
In Eq. (3-13), the group interaction parameters, 'If .. , are defined by Eq. (3-14): 
-am, 




The surface contribution, 0 m and the mole fraction of the group, Xm are defined by 
Eq. (3-15) and Eq. (3-16) respectively. 
0 = Qm.Xm 




The fugacity coefficient, <p, have calculated by using ThermoSolver Software based 
on Engineering and Chemical Thermodynamic. The software used Peng Robinson 
equation and based on Lewis fugacity rule to calculate the fugacity coefficient for 
each component. This rule allows the fugacity coefficient of isolated species i to be 
substituted as an approximation for the proper fugacity in a mixture. The fugacity 
coefficient can be calculated by using Eq. (3-17). 
In =Z -1-ln(Z -B)- A, tn(Z+2.414B,) 
<p, ' ' ' 2.82848, Z- 2.414B, 
where, 
<p, is the fugacity coefficient, 
Zi is the compressibility factor defined by Eq. (3-18), 
Bi is a constant defined by Eq. (3-19), 
Ai is a constant defined by Eq. (3-20), 
Z =Pv 
' RT 
B = b,P 
' RT 
where, 
P is the pressure, 
Tis the temperature, 
v is the molar volume, 






a, is defined by Eq. (3-21 ), 
u; is defined by Eq. (3-22), 
b; is defined by Eq. (3-23) 
a, = 0.45724 (RTc,t y 
~ .. 
a, =[I+ (0.37464 +!,54 226m, - 0.26992m,2 )(1- JT,)' 
RT. b = 0.07780-C,I 
I p 
C,/ 




The vapour pressures of the components were calculated according to the Antoine 
equation Eq. (3-24) and extended Antoine equation Eq. (3-25): 
., B log P"' =A---
Jo C+T 
B log, 0 P'"' =A--+Clog10 T+DT+ET 2 T 
(3-24) 
(3-25) 
Where A, B, C, and Dare the component-specific constants. These constants were 
collected from different sources (Dykyj et al., 1999; Yaws et al., 2009; 
www.webbook.nist.gov). 
3.2.2 LFL and UFL for Individual Components 
It should be noted that the LFL and UFL will be calculated in the vapour phase. 
Jones, (1938), found that for many hydrocarbon vapours, the LFL and UFL are 
functions ofthe stoichiometric concentration of fuel ( C,) Eq. (3-26) and Eq. (3-27): 
where, 
LFL = 0.55C,, 
UFL= 3.5C" 




The stoichiometric concentration for most organic compounds was determined using 
the general combustion reaction Eq. (3-28). 






The stoichiometric concentration ( C,,) can be found as a function of z by Eq. (3-30): 
C" =[moles fuel/ (moles fuel+ moles air)] x100 
IOO (3-30) 
=[I+ (z/0.2I)] 
Substituting Eq. (3-30) into Eq. (3-29) and by applying Eq. (3-26) and Eq. (3-27), 
will yield Eq. (3-31) and Eq. (3-32): 
LFL = ___ 0.5_5_,_(I_OO-") __ 
4. 76m+ I.I9x-2.38y+ I 
VFL=~~-3.~5o~v_o~o)~ __ 
4. 76m + I.I9x- 2.38y +I 
3.2.3 Limiting Oxygen Concentration (LOC) 
(3-31) 
(3-32) 
LOC for a mixture can be estimated using, Eq. (3-33) can also be used to estimate 
LOC for a vapour mixture (Zlochower and Green, 2009): 
where, 
LOCm,x = ~:>, R, I LY, I r: = LY, R, fLY, R, I LOC, 
( =LOC,/R, 
LOCm,x is the limiting oxygen concentration for the vapour mixture, 
(3-33) 
(3-34) 
R, is the stoichiometric molar ratio of oxygen to compound i in the vapour phase, 
and LOC, is the limiting oxygen concentration for individual compound. 
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3.2.4 LFL and UFL for the vapor mixture 
Le Chatelier, (1891) proposed empirical models to calculate the LFL and UFL of 












LFL,, is the lower flammable limit for component i (in volume%) of component i in 
fuel and air 
UFL,, is the upper flammable limit for component i (in volume%) of component i in 
fuel and air 
Yi is the mole fraction of component i on a combustible basis and 
n is the number of combustible species. 
3.3 Generating the flammability diagram 
As mentioned earlier, this study made to investigate the possibility of fire occurrence 
in the storage of biofuels due to the formation of vapour mixtures. The flammability 
diagram is a general way to represent the flammability of mixture of gases. The 
flammability diagram is represented by three axes, which are: fuel (hydrocarbon 
vapour mixture in this study), inert material and oxygen. There are three methods to 
generate the flammability diagram described in detail by Crowl and Louvar, (2002). 
It should be noted flammability limits and LOC for the vapour mixture is enough to 
generate the flammability diagram. 
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3.4 Key Milestone & Gantt Chart 
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Figure 3-2: Ganchartt ofFYP II 
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Tool & Equipment 
• Gas Chromatography Mass Spectrometry (GC-MS) 
• Gas Chromatography Flame Ionization Detector (GC-FID) 
• Thermosolver Software 




RESULT & DISCUSSION 
This chapter presents and discusses the results obtained from the flammability 
assessment of bio oil vapour mixture. The results from this study have been 
integrated together and inherent safety recommendations have been proposed and 
discussed in preventing fire accidents due to accumulating of flammable vapours of 
bio oil. 
4.2 Composition 
Table 4.1 summarized all the components in bio oil sample given by GC-MS library 
excluding components for unnecessary peaks. The unnecessary peak refers to the 
peak with no exact component representing it. Table 4.1 shows 12 identified 
components in the bio oil sample that will be used for bio oil flammability analysis. 
The identified components were ranging from C2 to C17 • GC-MS results show that, 
the predominant components are Phenol and Acetic Acid. Identification of the 
components of the bio oil sample was performed using the retention indices, which 
were calculated in relation to a homologous series of hydrocarbons, and by 
companng the mass spectrum to reference spectra registered in mass spectral 
libraries. 
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Table 4-1: GC-MS components for bio oil sample 
No RT (min) GC-MS RT (min) GC-FID Component 
1 2.81 3.674 Acetic acid 
2 5.084 5.923 Furfural 
3 6.678 7.492 Phenol 
4 7.375 7.697 2-Methylphenol 
5 7.623 7.944 2-M~thoxyphenol 
-- ·-
6 7.872 8.309 2,4-Dimethylphenol 
7 8.46 8.47 2-Methoxy-4-methylphenol 
8 9.103 9.354 4-Ethyl-2-methoxyphenol 
9 9.865 9.857 4-Methoxybenzoic acid 
10 10.092 10.634 Vanillin 
11 10.967 10.917 Dodecanoic acid 
12 12.944 13.141 Hexadecanoic acid, methyl ester 
4.2.1 Mole Fraction in Liquid Phase 
Mass fraction in Table 4-1 is gathered from GC-FID data. The mass fraction is 
calculated using Eq. (3-1) based on the peak areas of the components in the bio oil 
sample. Then, the mass fractions are converted to mole fractions using Eq. (3-2). 
Figure 4.1 shows the result distributions of mole fractions in the liquid phase. 
Mole fraction in liquid phase vs components in bio oil 
100 
90 
• Acetic acid 











Ci 40 ~ 4-Ethyl-2-methoxyphenol 




Hexadecanoic acid, methyl ester 
0 Components 
Figure 4-1: Mole fraction in liquid phase vs components in bio oil sample 
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4.2.2 Mole Fraction in Vapor Phase 
Mole fractions in the vapour phase are calculated using the modified Raoult's law 
(Eq. 3-3). Vapour pressure, the activity coefficient and the fugacity coefficient of 
each component are required to estimate the mole fraction in the vapour phase. 
Vapour pressure for each component was calculated using the Antoine equation (Eq. 
3-24) .It should be noted that the vapour pressure for some components were 
obtained from ChemSpider website (www.chemspider.com). The activity 
coefficients were calculated using UNIFAC method, described by Eq. (3-5) to Eq. 
(3-16). The activity coefficients calculations were performed using an Excel 
spreadsheet and the results are illustrated in Table 4.2. A snap shot of Excel 
spreadsheet is included in Appendix A (Table A I). The average activity coefficient 
for the vapour mixture was found equal to 1.29. Hence, the fugacity coefficient for 
each component was calculated using ThermoSolver software which follows the 
Peng Robinson method, described by Eq. (3-17) to Eq. (3-23). The average fugacity 
coefficient for the vapour mixture was estimated equal to 0.88. Figure 4.2 displays 
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4.3 LFL and UFL 
The LFL and UFL for each component in the mixture are obtained from literature 
values. However, there are three components are not available in literature or 
experimental work values for LFL and UFL. The components are 2-Methoxy-4-
methylphenol, 4-Ethyl-2-methoxyphenol and 4-Methoxybenzoic acid. The LFL and 
UFL of the three components has been calculated in accordance to the stoichiometric 
concentration method proposed by Jones, ( 1938) and given by Eq. (3-26) and Eq. (3-
27). The results are summarized in Table 4.2. LFLmn and UFLmu for the mixtures 
are calculated according to the Le Chatelier equations (Eq. 3-35 and Eq. 3-36) and 
their values were obtained as 3.89vol% and 12.4vol% respectively. 
4.4 Limiting Oxygen Concentration (LOC) 
LOC for each component mixture is calculated using Eq. (3-33) and presented in 
Table 4.2. The LOCmix value was found to be I 0.69vol%. The LOCmtx value is 
important in drawing the flammability diagram. 
4.5 Flammability Diagram 
A flammability diagram is a conventional method used to assess the flammability of 
mixture of gases. The flammability diagram is represented by three axes, namely, (i) 
fuel (hydrocarbon vapour mixture), (ii) inert material, and (iii) oxygen. In order to 
plot the flammability diagram, concentrations of the fuel, oxygen, and inert material 
(in volume or mole%) are required. Air line is plotted by taking the compositions of 
air (78.5 % nitrogen and 20.87% oxygen). The intersection of the stoichiometric line 
with the oxygen axis is given by JOO(z/ 1 + z) (Crowl and Louvar, 2002). The LOCmtx 
line can be drawn by locating the LOCmix value (I 0.69%) on the air axis and then 
drawing a parallel line until it intersects with the stoichiometric line. To construct the 
flammability zone, the values of LFLmix and UFLmix are required and they are located 
on the air line while the flammability zone is the area to the right of the air line. 
Figure 4.4 represents the triangular flammability diagram for the hydrocarbon 
mixture. It can be clearly seen that the stoichiometric line does not cross the 
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flammable zone. The line is below the LFL line. Therefore, it can be inferred that the 
vapour mixtureof bio oi is not flammable. 
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Figure 4-4: Triangular flammability diagram of the biofuel 
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Table 4-2: Compound names and their relevant properties to estimate the flammability properties 
Dataha~l' \ t.'rilieJ Bp \las~ \)ole l.Fl.t,t l (<"(_L1t. \rth·it~ Fu~al·i~- 1.0(", b' Fral'lion r'~~ ,o. Compound Formula _\1, L 
matrh u/v ~tandard "( Fraction. '!.., (\oi'Yu) (\ol.'%) (vtJI.{I:u) (mmllg) Y, Oi (vol%) 
\.; 
I Acetic acid CzH~o~ 91 I 117.1 60.0 0.152 23.41 54 19.9 13.87 I 18479 0.950 2 10.80 
2 Furfural C5H402 96 I 161.8 96.0 0 049 4.69 2.1 19.3 2.23 1.11172 0.934 5 10.50 
3 Phenol C6H60 96 I 181.8 94.0 0.607 59.61 1.5 9.1 0.61 1.56641 0.930 7 10.50 
4 2-Methylphenol C:HsO 98 X 191.0 108.1 0.011 0.90 14 76 0.38 1.72871 0.909 8.5 11.90 
5 2-Methoxyphenol C:HsO< 97 X 205.0 124.1 0.023 1.70 1.3 9.6 0.18 1.66077 0.900 8 10.40 
6 2,4-Dimethylphenol CsH100 95 X 210.9 122.1 0.016 I 19 1.1 6.4 0.13 2.11455 0.892 10 11.00 
7 2-Methoxy4-methylphenol CsHw02 96 X 220.0 138.1 0.021 1.41 n/a n/a 0.08 1.83036 0.889 9.5 11.30 
8 4-Ethyl-2-methoxyphenol C9H1202 96 
' 246.5 152.1 0.086 5.23 nla nia 0.02 1.99872 0.880 II 11.33 
9 4-Methoxybenzoic acid CsHsO, 96 X 278.3 152.0 0.011 0.70 nla n/a 20E-3 1.93154 0.878 8.5 11.27 
10 Vanillin CsHs01 95 X 282.6 152.0 0.011 0.64 1.2 8.8 2.0E-3 1.83993 0.823 8.5 10.20 
II Dodecanoic acid c12H2~o2 97 
' 
296.1 200.2 0007 0.32 0.6 5.1 l.OE-3 2.16179 0.811 17 10.20 
12 Hexadecanoic acid, methyl CI7HJ402 95 
' 
332.1 270.3 0.006 
ester 0.21 0.03 3.2 I.SE-4 4.07348 
0.803 24.5 11.45 
Total I 100 17.51 23.20 10.60 130.86 
Average I 1.29 0.88 10.90 






N2 ~ (79%*99.37) 78.5 
o,~ (21%*99.37) 20.87 
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4.6 Inherent Safety 
Flammable liquids will ignite and bum easily than combustible liquids at normal 
working temperatures. On the other hand, combustible liquids can bum when their 
temperatures increasing above working temperatures. lbis indicates that the 
flammables liquids are considered to be more hazardous than the combustible 
liquids. Accident histories show that most cases of fire involve flammable liquids. A 
flammable liquid does not bum itself. It will form a vapour, which will bum. The 
vaporization of a liquid depends on its temperature and vapour pressure. The warmer 
the liquid, the more potentially hazardous becomes. The flammability of a liquid 
depends on the degree to which the liquid forms flammable vapours. It should be 
noted that flammable liquids bum more readily and fiercely in an atmosphere that 
has a greater amount of oxygen (>21 %) than that in the air. 
At room temperatures, flammable liquids can give off enough vapour to form 
burnable mixtures with air. Therefore, the flammable components need extra 
precautions to be taken to minimize the possibility of fire. On the other hand, 
combustible liquids at temperatures above their flash point will also release enough 
vapour to form burnable mixtures with air. Combustible liquids at high temperature 
can be as serious as flammable liquids to cause fire. Precautions need to be taken to 
prevent ignition of flammable vapours in the bio oil storage system through the 
control of ignition sources such as open flames, lightning, hot surfaces, radiant heat, 
smoking, cutting and welding, static electricity, electrical sparks and stray currents, 
heating equipment. Furthermore, storage systems should be designed in such a way 
to avoid flammable liquids accumulation. 
From the results presented in this study, the following recommendations can be made 
to prevent fire from occurring by flammable vapours: 
• Ensure low storage conditions. The recommended conditions are at 
atmospheric pressure and ambient temperature. 
• It is recommended to have storage temperature at below LFL point for bio 
oil. 
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• Eliminate ignition sources from the storage container areas where flammable 
vapours may be present. 
• Implement systematic hazardous material inventory especially for bulk 
storage of bio oil material. Ensure that the storage amount is proportional to 
tbe demand in avoiding the hazard potential. 
• Design a proper layout of bio oil storage. The good design should have 
adequate spacing and separation for the arrangement of bio oil tanks and 
containers. 
• Design a proper earthing, grounding and bonding system to avoid 




CONCLUSION & RECOMMENDATION 
This study shows that bio oil can generate flammable mixtures at ambient 
temperature and atmospheric pressure, which may cause fire. The results from the 
study indicate that several components were presented in the bio oil sample. The 
study discussed and proposed a procedure on how to assist the flammability hazards 
due to the formation of vapor mixture in the industrial storage ofbio oil. 
The methodology in this study covered both experimental and theoretical works. The 
experimental work covered the collection of bio oil sample, and then analyzing the 
sample using GC-MS and GC-FID to identify the compositions of the sample. The 
GC analyses have shown that the sample contained light components ranged from C 3 
to C1. The theoretical work included thermodynamic fundamentals and flammability 
calculations were applied in order to estimate the flammability limits and examine if 
the mixture is flammable or not. 
The liquid mixture in this study found to be non-ideal and therefore, modified 
Raoult's law have been used to estimate the amount of liquid vaporized to the 
atmosphere at ambient temperature. All calculations including UNIF AC method to 
find activity coefficient, flammability limits for the vapour mixture, flammability 
diagram method to draw the region of flammable mixture were performed in Excel 
spreadsheets. 
Based on the results obtained, inherent safety recommendations were suggested and 
discussed. These recommendations can provide useful guidelines to prevent buildup 
of flammable mixtures that could lead to fires and explosions. 
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5.2 Recommendations 
It should be noted that when all the necessary actions have been taken to evaluate the 
root cause of fire and explosion incident, the hazards shall be controlled and 
minimized accordingly as to avoid recurrence. Therefore, industrial should approach 
more preventive strategy such as the concept of inherent safety methods for their 
facility as recommended below: 
I) Proper Storage Layout Design 
Safe storage layout designed based on standard design and local regulation. 
The right spacing of storage containers are important in avoiding any spillage 
occurs from the adjacent container. 
2) Elimination of ignition sources 
Ignition source such as welding shall not be conducted near the storage tanks 
or containers. Moreover, avoid hot works to be done in the storage area. 
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Table 7 -I : UNIF A C group specifications 
Group Numbers Name Volume, R Surface Area, Q Main Secondary 
I CH3 0.901 I 0.848 
I 2 CH2 0.6744 0.540 3 CH 0.4469 0.228 
4 c 0.2195 0.000 
5 CH2-CH 1.3454 1.176 
6 CH~CH 1.1167 0.867 
2 7 CH,~C 1.1173 0.988 
8 cH~c 0.8886 0.676 
70 c~c 0.6605 0.485 
3 9 ACH 0.5313 0.400 10 AC 0.3652 0.120 
I I ACCH1 1.2663 0.968 
4 12 ACCH2 1.0396 0.660 
13 ACCH 0.8121 0.348 
5 14 OH 1.0000 1.200 
6 15 CH30H 1.4311 1.432 
7 16 H20 0.9200 1.400 
8 17 ACOH 0.8952 0.680 
9 18 CH3CO 1.6724 1.488 19 CH2CO 1.4457 I. I 80 
10 20 CHO 0.9980 0.948 
I I 21 CH3COO 1.9031 1.728 22 CH2COO 1.6764 1.420 
12 23 HCOO 1.2420 1.188 
24 CH,O 1.1450 1.088 
13 25 CH20 0.9183 0.780 26 CHO 0.6908 0.468 
27 THF 0.9183 1.100 
28 CH3NH2 1.5959 1.544 
14 29 CH2NH2 1.3692 1.236 
30 CHNH2 1.1417 0.924 
31 CH3NH 1.4337 1.244 
15 32 CH2NH 1.2070 0.936 
33 CHNH 0.9795 0.624 
16 34 CH3N 1.1865 0.940 35 CH2N 0.9597 0.632 
17 36 ACNH, 1.0600 0.816 
37 C5H5N 2.9993 2.113 
18 38 C,H,N 2.8332 1.833 
39 C5H3N 2.6670 1.553 
19 40 CH3CN 1.870 I 1.724 41 CH2CN 1.6434 1.416 
20 42 COOH 1.3013 1.224 43 HCOOH 1.5280 1.532 
44 CH2CI 1.4654 1.264 
21 45 CHCI 1.2380 0.952 
46 CCI 1.0106 0.724 
47 CH2CI2 2.2564 1.988 
22 48 CHCI2 2.0606 1.684 
49 CCI2 1.8016 1.448 
23 50 CHCI3 2.8700 2.410 51 CCI1 2.6401 2.184 
24 52 CCI, 3.3900 2.910 
25 53 A CCI 1.1562 0.844 
26 54 CH3N02 2.0086 1.868 
57 
55 CH2N02 1.7818 1.560 
56 CHN02 1.5544 1.248 
27 57 ACN02 1.4199 1.104 
28 58 cs, 2.5070 1.650 
29 59 CH3SH 1.8770 1.676 60 CH2SH 1.6510 1.368 
30 61 Furfural 3.1680 2.484 
31 62 DOH 2.4088 2.248 
32 63 I 1.2640 0.992 
33 64 Br 0.9492 0.832 
34 65 CH~C 1.2929 1.088 66 C=C 1.0613 0.784 
35 67 DMSO 2.8266 2.472 
36 68 Acrylonitrile 2.3144 2.052 
37 69 CI-:{C-C) 0.7910 0.724 
38 71 ACF 0.6948 0.524 
39 72 DMF 3.0856 2.736 73 HCON(CH2), 2.6322 2.120 
74 CF3 1.4060 1.380 
40 75 CF2 1.0105 0.920 
76 CF 0.6150 0.460 
41 77 coo 1.3800 1.200 
78 SiH3 1.6035 1.263 
42 79 SiH2 1.4443 1.006 80 SiH 1.2853 0.749 
81 Si 1.0470 0.410 
82 SiH20 1.4838 1.062 
43 83 SiHO 1.3030 0.764 
84 SiO 1.1044 0.466 
44 85 NMP 3.9810 3.200 
86 CCI3F 3.0356 2.644 
87 CCI,F 2.2287 1.916 
88 HCCI2F 2.4060 2. I 16 
45 89 HCCIF 1.6493 1.416 90 CCIF2 1.8174 1.648 
91 HCCIF2 1.9670 1.828 
92 CCIF3 2.1721 2.100 
93 CCI,F2 2.6243 2.376 
94 CONH2 1.4515 1.248 
95 CONHCH 3 2.1905 1.796 
46 96 CONHCH, 1.9637 1.488 97 CON(CH3) 2 2.8589 2.428 
98 CONCH3CH2 2.6322 2.120 
99 CON(CH2h 2.4054 1.812 
47 100 c,H,o, 2.1226 1.904 101 C2H40 2 1.8952 1.592 
102 CH3S 1.6130 1.368 
48 103 CH2S 1.3863 1.060 
104 CHS 1.1589 0.748 
49 105 MORPH 3.4740 2.796 
106 C,H,S 2.8569 2.140 
so 107 C4H3S 2.6908 1.860 
108 C,H,S 2.5247 1.580 
58 
